The γ-ray observation of dwarf spheroidal satellites (dSph's) is an ideal approach for probing the dark matter (DM) annihilation signature. The latest Fermi-LAT dSph searches have set stringent constraints on the velocity independent annihilation cross section in the small DM mass range, which gives very strong constraints on the scenario to explain the AMS-02 positron excess by DM annihilation. However, the dSph constraints would change in the velocity dependent annihilation scenarios, because the velocity dispersion in the dSph's varies from that in the Milky Way. In this work, we use a likelihood map method to set constraints on the velocity dependent annihilation cross section from the Fermi-LAT observation of six dSph's. We consider three typical forms of the annihilation cross section, i.e. p-wave annihilation, Sommerfeld enhancement, and Breit-Wigner resonance. For the p-wave annihilation and Sommerfeld enhancement, the dSph limits would become much weaker and stronger compared with those for the velocity independent annihilation, respectively. For the Breit-Wigner annihilation, the dSph limits would vary depending on the model parameters. We show that the scenario to explain the AMS-02 positron excess by DM annihilation is still viable in the velocity dependent cases.
I. INTRODUCTION
Numerous astrophysical and cosmological observations have shown that the Universe is composed of approximately 4.8% baryons, 25.8% cold dark matter (DM) and 69.3% dark energy [1] . A kind of popular candidate for cold DM is the so-called weakly interacting massive particle (WIMP) [2] [3] [4] . In the thermal freeze-out scenario, the current abundance of WIMPs can explain the observed DM relic density [5] . Today WIMP annihilations can directly produce γ rays, or indirectly produce γ rays through the cascade decay, final state radiation, and inverse Compton scattering processes. These γ rays should be dominantly generated in the areas with high DM densities, and then can be captured by terrestrial and satellite experiments, such as the space-borne γ-ray detector Fermi Large Area Telescope (Fermi-LAT) [6] .
Many studies have been performed to investigate the γ-ray emission from DM annihilations in several astrophysical sources, such as the galactic halo [7] [8] [9] [10] [11] [12] [13] , galaxy clusters [14] , and galactic DM substructures [15] [16] [17] . Among these sources, the nearby dwarf spheroidal satellites (dSph's) are ideal for probing the DM annihilation γ-ray signatures, because of their high DM densities and lack of conventional astrophysical γ-ray sources [18, 19] . As no significant γ-ray excess has been found in the Fermi-LAT dSph observations, the stringent upper limits on the DM annihilation cross section have been set in the literature [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] 1 .
1 DSph constraints on the lifetime of decaying DM can be found in Ref. [31, 32] .
For the ordinary DM s-wave annihilation process which is independent of the DM relative velocity, the observed DM relic density can be achieved with a thermally averaged cross section of σv ∼ 3 × 10 −26 cm 3 s −1 . However, the s-wave annihilation cross section has been stringently constrained by the Fermi-LAT γ-ray searches from dSph, and should be smaller than the "canonical" value ∼ 3 × 10 −26 cm 3 s −1 for the DM mass range of ∼ O(1) − O(10) GeV for the DM annihilations to bb or τ + τ − [28] . Generally, σv depends on the DM relative velocity. For example, σv can be expanded to a form of a + b v 2 + O(v 4 ) in the nonrelativistic limit. Only when the s-wave annihilation is dominant, σv is a constant. If the p-wave annihilation is not negligible, σv would be suppressed at small DM velocities. In this case, σv in dSph's would be smaller than those in the local halo or in the early Universe as a result of a small DM velocity dispersion of ∼ O(1) − O(10) km s −1 in dSph's [33] . Consequently, the constraints for velocity suppressed DM annihilations from dSph γ ray searches is much weaker.
An interesting hint of the DM signature is from the cosmic-ray electron/positron observations. If the anomalous electrons and positrons observed by PAMELA [34] and AMS02 [35] are produced by DM annihilation, the local DM annihilation cross section in the Galaxy should be of the order ∼ 10 −24 − 10 −23 cm 3 s −1 , which is approximately 2 or 3 orders of magnitude larger than the canonical value in the early Universe. This discrepancy can be explained in the velocity dependent annihilation scenarios. For example, an exchange of a new light boson between two initial heavy DM particles may confer an additional factor of 1/v or 1/v 2 to the annihilation cross section. This effect is the so-called Sommerfeld enhancement [36] , and can be used to simultaneously explain the anomalous cosmic-ray electrons/positrons observed by the PAMELA and the DM relic density [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] . In this scenario, the dSph searches would set strong constraints on the annihilation cross section as result of the small velocity in dSph's [48] [49] [50] (for other cosmological limits, see e.g. [51] [52] [53] ). Another important scenario for the velocity dependent annihilation is the "Breit-Weigner" scenario [54] [55] [56] [57] . In this scenario, the DM particles annihilate via a pole, which lies near twice the DM mass. Depending on the model parameters, the annihilation cross section can also be significantly enhanced at lower velocities.
In this work, we study the constraints on the velocity dependent DM annihilation cross sections from the Fermi-LAT dSph observations. A simple approach is to require that the DM signature should not exceed the observed γ ray flux upper limit. However, the derived constraint without the spectral information would de very conservative. In Ref. [30] , the authors proposed a convenient and flexible likelihood map method to derive limits from the Fermi-LAT dSph's observations for any given shape of the initial DM-induced γ-ray spectrum. In this work, we adopt a similar method to construct the likelihood maps for six dSph's with large J−factors. Then we can easily obtain the total likelihood via these likelihood maps, and set constraints on the DM annihilation cross section.
This paper is organized as follows. In Sec. II, we give a detailed description of the likelihood map method. In Sec. III, we consider three typical forms of the velocity dependent DM annihilations, and use the likelihood map method to set constraints. Section IV is the summary.
II. FERMI-LAT DATA ANALYSIS
A maximum likelihood method has been developed for the γ-ray source analysis according to the limited photon statistics and the dependence of Fermi-LAT performance on the incident photon angle and energy.
For every dSph, we divide Fermi-LAT observational data into several energy bins. In the likelihood calculation, the γ-ray flux from DM annihilation in each bin is assumed to be a constant. This "energy-fluxlikelihood" cube forms the likelihood map for a certain dSph. Through the use of this likelihood map, the likelihood for any γ-ray spectrum shape can be easily obtained in the whole energy range.
The expected γ-ray signature flux from dSph DM annihilation can be expressed as
where σv is the thermally averaged annihilation cross section, m DM is the DM mass, dNγ dEγ is the differential γ-ray spectrum in one DM pair annihilation, and the J factor is the line-of-sight integration for the DM distribution, i.e. J = ρ 2 (l)dldΩ. Note that dNγ dEγ should be a sum of the photons from all possible DM annihilation final states according to the DM model. Here we only consider the γ-ray contribution from a certain annihilation channel through the use of PPPC [58, 59] . Then we define a variable
in each energy bin, where i is the energy bin index.
The J factor can be derived from the observed line-ofsight velocities of the stars through the use of the Jeans equation [60] [61] [62] . Numerous works [62, 63] have indicated that the J factor is not sensitive to the certain DM density profile. For instance, the J factor of Draco for Navarro-Frenk-White is similar with that for the Burkert profile. We take the values of J factors and their uncertainties from Table I of Ref. [28] , which are provided by the results from Refs. [64] [65] [66] [67] [68] .
For a certain set of m DM , σv and J factor inputs, the combined likelihood in all energy bins for the jth dSph is estimated as equation (2) where i denotes the ith energy bin, φ i is the DM signature flux, J obs,j is the calculated J factor with a error of σ j . For a given σv and m DM , the J j is chosen to make the L j reach a maximum. Then we can get a "cross section-likelihood" table for the jth dSph. The combined likelihood of all dSph's can be calculated as
Through the use of this combined cross section-likelihood table, we can set 95% confidence level (C.L.) upper limit on energy flux and find the value of σv by requiring that the corresponding log-likelihood has decreased by 2.71/2 from its maximum [69, 70] . In Ref. [30] , the authors combined the likelihood of all selected dSph in the ith energy bin, and then constructed the combined likelihood map in the whole energy range. Hence the dSph uncertainties have been repeatedly included in each energy bin. The correlations between different energy bins are also not taken into account. Contrary to that approach, we first combine the likelihood of all energy bins L i for the jth dSph, and then construct a total likelihood. For example, we show the likelihood maps of the Draco and Segue 1 in Fig 1. The grid scan of the likelihood map is preformed in eight logarithmical energy bins in the range of 0.5 − 500 GeV, and 300 logarithmical bins in the range of 10 −30 − 10
The color bar denotes the value of −2∆ log L for the given m DM and signature flux. The sensitivity of a combined dSph analysis is dominantly determined by the dSph's with large J factors. In this analysis, we consider six dSph's, i.e. the Draco, Segue 1, Coma Berenices, Willman 1, Ursa Major II and Ursa Minor, because the sensitivity of a combined dSph analysis would be dominantly determined by such dSph's with large J factors [28] . The mean values and uncertainties of the J factors of these six dSph's are listed in Table I . Our work is based on the latest published SCIENCE TOOLS version v10r0p5. We employ six-year Fermi-Lat data recorded from 2008 − 08 − 04 to 2014 − 08 − 05 with the Pass8 photon data selection in the analysis. The events from the Pass8 SOURCE-class in the energy band between 500 MeV and 500 GeV are adopted. In order to reduce the γ-ray contamination from the earth limb, the events with zenith angles larger than 100
• are rejected, and the recommended filter cut (DAT A QU AL > 0, LAT CON F IG == 1) are applied. Each dSph is taken as a point source. We create 10
• ×10
• square region as the region of interest around the dSph center into 0.1
• pixels and eight logarithmical bins of energy from 500 MeV to 500 GeV. We use the galactic γ-ray diffuse model gll iem v06.fit and the isotropic extragalactic γ-ray diffuse spectrum iso P8R2 SOURCE V6 v06.txt as the diffuse background. The third LAT source catalog (3FGL) [71] is taken to deal with the point γ-ray sources. In the analysis, we carry out a global fit over the entire energy range and then fix all the parameters except the normalization of two diffuse backgrounds in each energy bin. The instrument response functions P8R2 SOURCE V6 have been set corresponding to the above LAT data selection.
III. LIMITS ON VELOCITY DEPENDENT ANNIHILATION CROSS SECTIONS
In the previous works, the DM annihilation cross section is assumed to be a velocity independent constant. The primary goal of this work is exploration of the γ-ray observation limits from dSph on the velocity dependent annihilation cross section. We take the DM annihilation cross section as some typical velocity dependent forms, such as those in the p-wave annihilation, Breit-Wigner and Sommerfeld scenarios.
The thermally averaged annihilation cross section in the nonrelativistic limit can be calculated as
where f ( − → v ) is the DM velocity distribution, which is assumed as the Maxwell-Boltzmann form.
is the relative velocity of two initial DM particles, and v p is the most probable velocity. The relation of v p and the line-of-sight velocity dispersion v 0 can be approximately expressed by
The velocity dispersions of the six dSph's considered in this work are listed in Table II [33] . [33, 76] Note that the DM velocity distribution is assumed to be an isotropic Maxwell-Boltzmann distribution in Eq. 4. For a given DM density profile and an isotropic velocity distribution, the most probable velocity and onedimensional DM velocity dispersion can be calculated from the Jeans equation [49] . In principle, a precise DM velocity distribution can be derived from N-body simulations. Many analyses based on high resolution DM only simulations have shown that the DM velocity distributions of Milky Way-like halos are anisotropic and deviate from the standard Maxwell-Boltzmann distribution [77] [78] [79] [80] . In recent years, more realistic DM velocity distributions have been extracted from simulations including the baryonic effects during the galaxy formation process [81] [82] [83] [84] . These studies also confirmed that the DM velocity distribution is not a standard MaxwellBoltzmann distribution. In order to determine the precise DM velocity distributions of the Galaxy and dSph's, further studies are required. Here we take the standard Maxwell-Boltzmann distribution as an approximation.
Unlike the velocity independent case, where σv is a universal value, now σv depends on the velocity of the DM particles. This means DM particles may have different σv value in each dSph. Thus the strategy of setting constraints on the DM annihilation cross section is model dependent. For example, if we can expand σv in the form like σv = a + bv 2 , we get constraints on the two constants of a, b in each dSph. More severe constraints on a, b can be obtained by combining the constraints from several dSph's. Furthermore the constraints on the local DM annihilation cross section σv can be obtained by taking the velocity dispersion in the Milky Way. In the following we present our constraints on σv for three typical velocity dependent forms. The results have been translated to the local σv in the Solar system. Note that the dSph J factor is also determined by the density profile which is derived by fitting to the observed velocity distribution of the luminous matter. Therefore, the velocity dependent factor in the dSph DM annihilation cross section is correlated to the J factor (see e.g. [85, 86] ). A detailed analysis of this correlation is complex and will be left to future study.
A. p-wave annihilation
In the WIMP scenario, the DM annihilation cross section can be generically expanded by v 2 rel in the nonrelativistic limit. We parameter the annihilation cross section as
where a is the dominant contribution from the s-wave annihilation process and b is the contribution from the p-wave annihilation process. The higher-order contributions depending on O(v 2n rel ) with n > 1 have been neglected here.
For a given ratio of a/b, the dSph γ-ray constrains on the parameters a and b can be obtained through the likelihood map method mentioned above. In order to make a comparison to the results from other DM detection experiments, these limits can be translated into the limits on the DM annihilation cross section in other astrophysical sources. For example, we can derive the limits on the local annihilation cross section with a velocity dispersion of ∼ 270km s −1 . In Fig. 2 , we show these limits for several different values of a/b for six DM annihilation channels.
Note that the cases for a = 0 and b = 0 denote the pure p-wave and s-wave annihilation, respectively. Our limits for the s-wave annihilation process have good agreement with those given by the Fermi-LAT Collaboration [29] . For a pure p-wave annihilation process, the constraints on the local σv can be loosen by 3 orders of magnitude.
B. Breit-Wigner scenario
In the Breit-Wigner scenario, the initial DM particles annihilates via a pole which lies near twice the DM mass [54] [55] [56] [57] . The mass of the resonance particle M can be parametrized by
where m χ is the DM mass, and δ is a parameter satisfying |δ| ≪ 1. A typical form of the DM annihilation cross section in the Breit-Wigner scenario can be written as
where a is an undetermined parameter in the theoretical model. γ is defined as
where Γ is the resonance decay width. For a given γ and δ, we can set constraints on a from the Fermi-LAT dSph searches. The limits on the local DM annihilation cross section for three sets of δ and γ have been shown in Fig. 3 . For a comparison, we also show the parameter regions [87] to explain the anomalous cosmic-ray electrons and positrons observed by the AMS02. For the case of δ > 0, the annihilation cross section at lower velocities in the dSph's would always be larger than that at larger velocities in the local Galaxy. Thus, the dSph searches set very stringent limits on the . The contours for DM annihilations to µ + µ − and τ + τ − denote the parameter regions as the explanations of the anomalous cosmic-ray electrons and positrons observed by the AMS02 [87] . "DR" and "DC" denote the diffusion-reacceleration and diffusion-convection cosmic-ray propagation models, respectively.
parameter regions for the electron and positron excess. However, the annihilation cross section would be maximal at a velocity of v ∼ |δ| for δ < 0, and could be smaller at lower velocities in the range of v < |δ|. This means the limits from the dSph searches can be weaken if the dSph DM annihilations occur below the pole. This is the case for the limits of δ < 0 shown in Fig. 3 .
C. Sommerfeld scenario
In this subsection, we consider the velocity dependent annihilation cross section scaled by a factor of 1/v or 1/v 2 which can be obtained in the Sommerfeld scenario [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] . In this scenario, the long-range attractive interaction between two initial heavy DM particles via exchanges of light bosons φ can significantly enhance the annihilation BreitWigner,δ=-10 -6 ,γ=10 -8 BreitWigner,δ=-10 -6 ,γ=10 -7 BreitWigner,δ=10 BreitWigner,δ=-10 -6 ,γ=10 -7 BreitWigner,δ=10 -7 ,γ=10 . The contours for DM annihilations to µ + µ − and τ + τ − denote the parameter regions as the explanations of the anomalous cosmic-ray electrons and positrons observed by the AMS02 [87] . DR and DC denote the diffusion-reacceleration and diffusion-convection cosmic-ray propagation models, respectively. cross section at low velocities, which can be expressed as
where (σv rel ) 0 is the annihilation cross section in the early Universe, α χ is the interaction coefficient, and a is a constant. Moreover, in some special parameter regions, two incoming DM particles behave like a bound state; the annihilation cross section would be "resonantly" (see e.g. [41] ) enhanced at low velocities as
In general, the Sommerfeld enhancement factor depends on several parameters, i.e. m χ , m φ , and α χ , and can be obtained through solving the Schrödinger equation with an attractive potential. We do not discuss this enhancement factor in a particular model. Instead, we only take two typical annihilation cross section forms which capture the key features:
The limits on the local DM annihilation cross section with the form of Eq. 12 for two annihilation channels χχ → 4µ and 4τ are shown in Fig 4. For a comparison, we also give the limits for the velocity independent annihilation. In general, the four body annihilation final states would induce weaker limits because of the softer initial γ−ray spectra. However, since the DM annihilation cross sections are enhanced at low velocities in this scenario, the dSph observations would set much stricter limits than those from the galactic observations.
IV. CONCLUSION AND DISCUSSIONS
In this work, we study the limits on the velocity dependent DM annihilation cross section from the Fermi-LAT dSph γ−ray observations based on the latest Pass8 data. We construct the likelihood maps in the energy range of 0.5 − 500 GeV for six nearby luminous dSph's with large J factors. Then we can easily obtain the total likelihood, and derive the limit on the DM annihilation cross section for an arbitrary initial γ ray spectrum.
In the analysis, we consider three typical velocity dependent annihilation cross section forms. Since the DM particles in different astrophysical sources often have different velocity dispersions, the annihilation rates may dramatically change. For DM annihilation with a nonnegligible p-wave contribution, the cross section can be parametrized as a + bv 2 , and is suppressed in the dSph's because of their low velocity dispersions. For the pure p-wave annihilation, the limits can be weaken by about 3 orders of magnitude more than those for the s-wave annihilation. For the annihilation cross section scaled by a factor of 1/v or 1/v 2 , which can be obtained in the Sommerfeld scenario, the dSph constraints would be stronger. For other more complex velocity dependent annihilation cross section forms, the behavior of the constraints depends on the model parameters. As an example in the Breit-Weigner scenario with the particular parameter sets, the dSph constraints may be weaker or stronger than those for the velocity independent annihilation.
In some cases, the limits on the local DM annihilation cross section by the Fermi-LAT observation of dSph's can be relaxed. An important implication of such a fact is the DM explanation of the cosmic-ray positron/electron excess observed by AMS-02. Contrary to the velocity independent annihilation scenario, where the DM explanation has almost been excluded by the Fermi-LAT data, DM annihilation in velocity dependent scenarios may remain viable to explain the positron/electron excess. 
